Halogeton glomeratus (Bieb.) C.A. Mey, an annual forb in the family Chenopodiaceae, is widely distributed in the inland salt deserts of western North America. Experiments were conducted to determine the effects of NaCl and temperature on seed germination and the recovery of germination responses after transfer to distilled water. Seeds of H. glomeratus were germinated at various temperature regimes (5-15°C, 10-20°C, 10-30°C, 15-25°C, 20-30°C, and 25-35°C), and salinities (0, 200, 400, 600, 800, and 1000 mM NaCl) in a 12 h dark : 12 h light photoperiod. Increases in NaCl concentration progressively inhibited seed germination, and this inhibition was more substantial in the dark than in the photoperiod treatment. Seed germination at concentrations higher than 800 mM NaCl was low (10%). Cooler temperatures significantly inhibited germination in all treatments. A temperature regime of high night (25°C) and high day (35°C) temperatures led to higher germination. Rate of germination decreased with an increase in salinity and was highest at 25-35°C and lowest at 5-15°C temperature regimes. Seeds were transferred from salt solution to distilled water after 20 days, and those from high salinities recovered quickly at all temperature regimes. Recovery germination percentages from the highest salinity treatment varied from 51 to 100% at various temperature regimes.
Introduction
Halogeton glomeratus (Bieb.) C.A. Mey is a succulent annual forb (Goodman 1973 ) with a taproot that can penetrate as deep as 51 cm. Halogeton glomeratus can produce about 450 kg of seeds per hectare (Cronin and Williams 1965) . These seeds have dormancy, which allows H. glomeratus to survive in the seed bank for up to 10 years (Whitson 1987) . Halogeton glomeratus is adapted to alkaline soils and semiarid environments (Harris 1990) . It is distributed in disturbed sites along with Kochia scoparia, Salsola iberica, Distichlis spicata, mixed desert shrub, salt desert shrub, and pinyon-juniper communities. It is common at elevations of 1220 to 1985 m in most counties of Utah (Welsh et al. 1987) . It occurs on soils that are heavy clays, clay loams, and loamy sands; and does best in soils where NaCl levels are around 5800 ppm (Cronin and Williams 1965) . This plant was introduced from Eurasia into northern Nevada in the early 1930s. It spread quickly into the desert lands of Nevada and Utah. The plant is rich in oxalates and poses a serious threat to grazing animals, especially to sheep, which have suffered heavy losses for several decades (Welsh et al. 1987) . Halogeton glomeratus seeds contain about 25% oil with 85% unsaturation, making it a first-rate edible oil (Weber et al. 2001) .
Great Basin desert halophyte species are reported to be very highly tolerant to NaCl (Rivers and Weber 1971; Khan and Weber 1986; Gul and Weber 1999; Khan and Ungar 1999; Khan et al. 2000 Khan et al. , 2001a Khan et al. , 2001b . Maximum halophyte seed germination occurs in distilled water or under reduced salinity stress (Khan et al. 2001a) . Great Basin species that have a very high salt tolerance at the germination stage include Kochia americana (1700 mM NaCl, Clarke and West 1969) , Salicornia pacifica (856 mM NaCl, Khan and Weber 1986) , Allenrolfea occidentalis (800 mM NaCl, Gul and Weber 1999) , Salicornia rubra (1000 mM NaCl, Khan et al. 2000) , Suaeda moquinii (1000 mM NaCl, Khan et al. 2001a) , Kochia scoparia (1000 mM NaCl, Khan et al. 2001b) , and Sarcobatus vermiculatus (1000 mM NaCl, Khan et al. 2001c) .
Variation in temperature under saline conditions has differential effects on the germination of halophytes (Ungar 1995) . All halophytic species previously studied from the Great Basin desert modify their seed germination with changes in temperature (Khan et al. 2001a ). Germination and rate of germination increased with an increase in temperature and optimal germination was obtained at a temperature regime of 25-35°C (Khan and Weber 1986; Gul and Weber 1999; Khan 1999; Khan et al. 2000 Khan et al. , 2001a Khan et al. , 2001b Khan et al. , 2001c . Khan and Ungar (1999) reported that seeds of Triglochin maritima failed to germinate if the temperature was 5°C or lower.
Halophyte seeds have the ability to maintain seed viability for extended periods of time during exposure to hypersaline conditions and then commence germination when salinity stress is reduced (Woodell 1985; Keiffer and Ungar 1995) . However, halophytes differ in their capacity to recover from salinity stress (Woodell 1985) . This variation in recovery responses could be due to differences in the temperature regime to which they are exposed (Gul and Weber 1999) . Recovery responses in Great Basin and other halophytes are significantly affected by temperature regimes (Khan and Ungar 1997; Khan and Gul 1998; Gul and Weber 1999; Khan et al. 2000 Khan et al. , 2001a Khan et al. , 2001b Khan et al. , 2001c .
The primary objective of this investigation was to study the effects of temperature and salinity on the percent germination, rate of germination, and recovery responses of H. glomeratus seeds.
Materials and methods
Seeds of H. glomeratus were collected during the fall of 1996 from a salt flat located 2.5 miles (4.0 km) northwest of Faust, Utah, U.S.A. Seeds were collected randomly from the whole population to get an adequate representation of genetic diversity. The flowering spikes and seeds were stripped, and the materials were spread on tables at room temperature until thoroughly dried and then threshed by hand through screens. A small fanning mill was used to separate the seeds from chaff. Seeds were stored in sealed plastic jars at 4°C. Germination studies were started in the late fall of 1996. Seeds were surface sterilized with the fungicide Phygon (Phygon had no effect on seed germination). Seeds had 100% germination in distilled water in a viability test. Germination was carried out in 50 × 9 mm (Gelman no. 7232) tight-fitting plastic Petri dishes with 5 mL of test solution (0, 200, 400, 600, 800, and 1000 mM NaCl). Each dish was placed in a 10-cm diameter plastic Petri dish as an added precaution against loss of water by evaporation. Four replicates of 25 seeds each were used for each treatment. Seeds were considered to be germinated with emergence of the radicle.
The effect of temperature on germination was determined for six alternating temperature regimes of 5-15, 10-20, 10-30, 15-25, 20-30, and 25-35°C . A 24-h cycle was used, where the higher temperature (15, 20, 30, 35°C) coincided with the 12-h light period (Sylvania cool white fluorescent light, 110 µmol photons·m -2 ·s -1 , 400-700 nm) and the lower temperature (5, 10, 15, 25°C) coincided with the 12-h dark period. Seeds were germinated in distilled water and 200, 400, 600, 800, and 1000 mM NaCl solutions under the above-mentioned temperature regimes. Percent germination was recorded on alternate days for 20 days. Ungerminated seeds from the 20-day NaCl treatments were transferred to distilled water to study the recovery of germination, which was also recorded at 2-day intervals for 20 days. The recovery percentage was determined by the following formula: (a -b)/(c -b) × 100, where a is the total number of seeds germinated after being transferred to distilled water, b is the total number of seeds germinated in saline solution, and c is the total number of seeds. The rate of germination was estimated by using a modified Timson index of germination velocity = ∑ G/t, where G is the percentage of seed germination at 2-day intervals and t is the total germination period (Khan and Ungar 1999) . The maximum value possible using this index with our data was 50 (i.e., 1000/20). The higher the value, the more rapid the rate of germination.
Germination data (20 day and rate of germination) and recovery data (20 day and rate of recovery of germination) were transformed (arcsine) before statistical analysis to ensure homogeneity of variance before analysis. These data were analyzed using the procedures in SPSS, V.9.0 (SPSS Inc. 1999). Effect of salinity and temperature on seed germination was examined using two-way analysis of variance (ANOVA). A two-way ANOVA was used to demonstrate the significance of the main factors (salinity and temperature regime) and their interaction in affecting the rate and percent germination.
A linear regression analysis was used to determine the relationship between salt concentration and germination at different salinities.
Results
Germination of H. glomeratus significantly increased with increasing temperature, decreased with increasing salinity, and a significant interaction was found for the two factors (Table 1) . Seeds of H. glomeratus germinated rapidly in nonsaline controls at all temperatures tested and reached final germination percentages in less than 4 days (Fig. 1) . Seed germination was higher in distilled water than in any of the saline treatments (Fig. 2) . Less than 10% of the seeds germinated in the 1000 mM NaCl treatment (Fig. 1) . Change in temperature regimes significantly affected the germination of H. glomeratus seeds (Figs. 1 and 2 ). Germination at 5-15°C in the nonsaline control was only 58%. Seeds showed higher germination in all treatments at the highest temperature regime (25-35°C) with 100% germination in the nonsaline control (Figs. 1 and 2) . A linear regression explains a high proportion of the germination response with R 2 values ranging from 0.73 to 0.91 in various temperature treatments (Fig. 2) .
The index of germination velocity calculated by using a modified Timson's index showed that the rate decreased with an increase in salinity (Fig. 3) . The rate of germination in-creased with an increase in temperature and the highest rate of germination occurred in the 25-35°C temperature regime (Fig. 3) . A two-way ANOVA of rate of germination indicated a significant effect of salinity and temperature and their interaction (Table 1) .
After 20 days of salinity treatment, seeds were transferred to distilled water to determine the recovery of germination after salt inhibition. The results presented in Table 2 show that the recovery decreased with an increase in NaCl concentration at the temperature regimes tested. At lower salinities (0-600 mM NaCl), the recovery of germination progressively increased with an increase in temperature; however, at NaCl concentrations of 800 mM and above no significant effect of temperature was noted (Table 2) . A two-way ANOVA of recovery percentages and rate of recovery indicated a significant effect of salinity and their salinity × temperature interaction, ( 
Discussion
Vegetation growing in the Great Basin desert usually experiences a wide fluctuation in temperature and salinity during the growing season. It ranges from cold subfreezing (-7°C) spring temperatures to very hot (~37°C) summer temperatures. Hansen and Weber (1975) found that temperatures gradually increased from May to July and gradually decreased from August to September. Similarly, a moderate salinity level occurs because of the run-off water from mountains, which accumulates in the playas during early spring (Khan et al. 2001a ), but the gradual evaporation of water in late spring and early summer causes a corresponding increase in salinity. Plant species that live in these habitats have to evolve a strategy to cope with these fluctuating environmental conditions. Our results showed that H. glomeratus, a typical Great Basin desert halophyte, is highly tolerant to NaCl at the germination stage. All seeds germinated at optimal temperature (25-35°C) in distilled water and any increase in salinity inhibited germination. Less than 10% of the seeds germinated at 1000 mM NaCl. Ability of Great Basin desert halophytes to germinate under highly saline conditions has been reported (Khan and Weber 1986; Gul and Weber 1999; Khan and Ungar 1999; Khan et al. 2000 Khan et al. , 2001a Khan et al. , 2001b Khan et al. , 2001c . Khan et al. (2000) reported that seeds of Salicornia rubra, a playa annual forb, germinated at 1000 mM NaCl under optimal temperature conditions. Similar results were reported for Kochia scoparia (Khan et al. 2001b) ; however, another annual from the Great Basin community, Triglochin maritima, could not germinate at 500 mM NaCl or above (Khan and Ungar 1999) . Other perennial halophytes from the area such as Salicornia utahensis, Suaeda moquinii, Allenrolfea occidentalis, and Sarcobatus vermiculatus show some seed germination at 800 mM and above (Khan and Weber 1986; Gul and Weber 1999; Khan et al. 2001a Khan et al. , 2001c .
Seed germination of H. glomeratus was substantially affected by change in temperature. Cooler temperature regimes either delayed germination of the control under low salinity treatments or inhibited it at higher salinity concentrations. Seeds germinated quickly at warmer temperatures and in both nonsaline and saline conditions. A similar increase in germination under a higher temperature regime was reported for other Great Basin desert species, such as Salicornia pacifica var. utahensis, (Khan and Weber 1986) , Allenrolfea occidentalis (Gul and Weber 1999) , Triglochin maritima (Khan and Ungar 1999) , Salicornia rubra , Kochia scoparia (Khan et al. 2001a) , and Suaeda Note: Different letters represent significant (P < 0.05) differences between salinity treatments, based on ANOVA and Bonferroni tests. Table 2 . Recovery percentage (mean ± SE) of germination of Halogeton glomeratus after they were transferred from 0, 200, 400, 600, 800, and 1000 mM NaC1 at thermoperiods of 5-15ºC, 10-20ºC, 15-25ºC, 20-30ºC, and 25-35ºC . moquinii (Khan, et al. 2001b ). However, halophytes from subtropical maritime deserts of Pakistan, e.g., Haloxylon recurvum (Khan and Ungar 1996) , Zygophyllum simplex (Khan and Ungar 1997) , Suaeda fruticosa (Khan and Ungar 1998) , and Arthrocnemum macrostachyum showed better germination at a relatively cooler temperatures.
Seeds of H. glomeratus from the Faust, Utah, population, when transferred to distilled water after a 20-day treatment at various salinity concentrations, responded differentially under varying temperature regimes. Our data showed low recovery at the cooler temperature regime and a higher recovery at the warmer temperatures. Recovery was also inhibited in high salinity treatments at all temperatures. Gul and Weber (1999) reported that seeds of Allenrolfea occidentalis from high salinities recovered quickly (85 to 100%) at all temperature regimes. Khan and Ungar (1997) reported that the percentage of ungerminated seeds that recovered when they were transferred to distilled water differed significantly with variation in species and temperature regimes. Zygophyllum simplex had little recovery from all NaCl concentrations in all temperature regimes. Haloxylon recurvum, Suaeda fruticosa, and Triglochin maritima showed substantial recovery. Khan et al. (2000) showed that seeds of Salicornia rubra had a high recovery in high salt treatments, indicating that exposure to a high concentration of NaCl did not permanently inhibit germination. Similar results were reported for Triglochin maritima (Khan and Ungar 1998) . Our results with H. glomeratus agreed with the recovery responses of annual forb Zygophyllum simplex, which failed to recover from higher salinity treatments (Khan and Ungar 1997) .
Seeds of H. glomeratus are highly salt tolerant at germination and their response improved under warmer temperature regimes. This is consistent with previous reports on the degree of salt tolerance of other Great Basin halophytes, such as Salicornia utahesis, S. rubra, Suaeda moquinii, Salicornia rubra, Kochia scoparia, and Allenrolfea occidentalis. There was a significant difference in the recovery pattern. Although there was substantial recovery of germination at low salinity treatments (0-600 mM NaCl), exposure to high salinity substantially inhibited the recovery. This indicates that if seeds are exposed to high salinity during storage, it causes permanent damage to the seed. Although H. glomeratus seeds maintain a persistent seed bank, there will be little chance for those seeds germinating if they are exposed to highly saline conditions during the time they are in the soil. Halogeton glomeratus is considered to be a poisonous weed for grazing animals and particularly for sheep. The great loss in sheep occurs when sheep are starving and H. glomeratus is the only feed available. The risk of poisoning is low when Halogeton glomeratus is a minor part of the feed. However, H. glomeratus also produces 450 kg/ha of seeds (Cronin and Williams 1965) , which contain a high quality edible oil . Because of this property, we believe that H. glomeratus could be used to reclaim desert sites, which are destroyed either by unsustainable irrigation practices or brine dumping during oil exploration. Simultaneously one could obtain seeds with high quality edible oils approaching that of canola or olive oils.
